ABSTRACT Procainamide, a type 1A antiarrhythmic drug, blocks sodium channels and reduces the maximum rate of rise of the cardiac action potential (Vmax) in a rate-dependent fashion. In vitro, the magnitude of this rate-dependent reduction in Vmax is greater in tissue that is partially depolarized at rest than in tissue with a normal resting potential. Reductions in Vmax produced by drugs that block sodium channels are also directly related to the reductions in longitudinal conduction velocity of action potential propagation in papillary muscle preparations. We therefore sought to determine whether the rate-dependent conduction slowing induced by procainamide in the intact canine heart is enhanced in myocardial tissue abnormally depolarized by an elevated myocardial extracellular potassium concentration, [K+ ] 
threatening arrhythmias originate, often contains hyperkalemic and acidotic2 tissue with resting membrane depolarization.3 4 For this reason, the effects of antiarrhythmic drugs on depolarized tissue may be important to the antiarrhythmic actions of these drugs. It is known that antiarrhythmic drugs produce more sodium-channel blockade5' 6 and more reduction of maximum rate of rise in cardiac action potential (Vmax) in depolarized tissue than in normal tissue.7 8 It is also known that the effects of antiarrhythmic drugs are rate dependent, with more sodium-channel CIRCULATION blockade5, 6and more reduction of Vmax at rapid rates than at slow rates,9' 10 and that this rate dependence is greater in potassium-depolarized tissue. 11t -5 However, the greater rate-dependent effects of antiarrhythmic drugs in potassium-depolarized tissue in vitro have not been shown to occur in the hyperkalemic intact heart. We therefore hypothesized that procainamide would cause more rate-dependent conduction slowing, as a consequence of its effect on sodium conductance and Vmax, in hearts with high extracellular myocardial potassium concentration, [K + SO, than in hearts with a normal [K]10. We studied rate-dependent conduction slowing during ventricular pacing in intact dog hearts using intramyocardial ion-selective potassium electrodes to monitor myocardial [K ± 10 online during hyperkalemia produced by potassium infusion and measuring QRS duration and epicardial conduction times as indexes of myocardial conduction.
Methods
Experimental preparation. Mongrel dogs weighing 22.6 ± 4.1 kg (range 15 to 28 kg) were anesthetized with 30 mg/kg sodium thiamylal. Anesthesia was maintained with a-chloralose, 25 to 50 mg/kg/hr, and the animals were ventilated by a Harvard respirator via a cuffed endotracheal tube. The respiratory rate and oxygen content of the inspired air were adjusted to maintain arterial pH at 7.40 + 0.05 and the arterial oxygen saturation at greater than 90%. The heart was exposed through a midline thoracotomy and suspended in a pericardial cradle.
Epicardial and core temperature were maintained between 360 and 38°C. The sinus node was crushed and the heart was stimulated with a bipolar epicardial plaque electrode. The epicardial stimulating electrode consisted of two silver-silver chloride electrodes, each 1 mm in diameter, embedded 2 figure 2) . The results are expressed as conduction time rather than conduction velocity because the interelectrode dis-tance was difficult to measure precisely in the beating heart, and cardiac dilatation associated with asystole at the termination of the experiment prevented measurement that would indicate interelectrode distance before death. Our estimates of conduction velocity determined by dividing the approximate measurement of interelectrode distance by the conduction time were in the range of 0.4 to 0.7 m/sec. These velocities are similar to those observed by others who have measured the influence of myocardial [K+] ,, pH, or ischemia on conduction of intact heart preparations. 3 17 18 Global conduction was determined by measurement of the interval from the stimulus artifact to the end of the QRS complex. The end of the QRS complex was defined as the intersection of tangents to the ST segment and to the major terminal deflection of the QRS complex. To minimize the effect of latency, the interval measured from the stimulus artifact to the first highfrequency component of the proximal electrogram was subtracted from the total QRS duration, yielding the adjusted QRS duration (QRSA), which was then used at the measure of global conduction time.
In all experiments accepted for analysis in the study we required that there be no change in QRS morphology in any of the three monitored electrocardiographic leads and that the correlation coefficient between the changes in conduction induced by our interventions and recorded by these two methods be equal to or greater than . Experimental protocols. The ventricle was stimulated by a square-wave bipolar pulse of 4 msec at the threshold current for each of the experimental conditions. The characteristics of this stimulator have been reported previously. 20 The changes in ventricular rate were accomplished by increases in the stimulus frequency in steps by 0.5 Hz until 2: 1 capture occurred. The shortest interstimulus interval included in our analysis, 250 msec, was at least 10 msec greater than that causing 2: 1 capture. The heart was paced for 25 beats at each rate and allowed to beat spontaneously or was driven at the slowest pacing rate between each increment in ventricular rate. The slowest rate used was that capable of overdriving the spontaneous escape supraventricular pacemaker and was usually 2 to 2.5 Hz (100 to 150/min). The first beat of the 25 beat pacing train was coupled to the last spontaneous beat or slowly paced beat by the same interstimulus interval as that present during the 25 beat pacing train.
Infusion In each protocol, procainamide hydrochloride was administered by an intravenous bolus of 20 mg/kg over 20 min followed by a constant infusion of 3 mg/min. The pacing protocol commenced 40 min after the constant infusion had begun. Serum procainamide concentrations were determined by an enzymatic immunoassay (Emit procainamide assay) of the arterial blood drawn immediately before and after ventricular stimulation at The EAT and QRSA were determined as the mean of the individual EAT or QRSA durations of the last four complexes at each paced interstimulus interval.
The experience for each condition was summarized with the mean and its standard error. Because the extent of variability for conditions tended to increase as the mean value increased, comparisons were undertaken by applying analysis of variance methods to the ranks of the data for all conditions of all animals 21 The analysis of variance model included components for animal and condition. Statistical tests for pairwise comparisons between conditions were based on approximate t statistics for corresponding estimated differences in the mean ranks from this analysis of variance model. Comparisons of the magnitude of the procainamide effect among the three myocardial [K+ ]o levels were undertaken by use of contrast statements in the analysis of variance model.
Results
Conduction times at the longest common interstimulus interval (440ims). Procainamide experiment and shows that even at an interstimulus interval of 280 msec, the onset of depolarization occurred from completely repolarized myocardium. Similar results were obtained in the two other experiments in which the monophasic action potential was recorded.
Discussion Rate-dependent changes in conduction can be attributed to changes in a variety of active and passive membrane properties, including Vmax, an active membrane property, and cell-to-cell coupling, a passive property. Changes in Vmax can be voltagedependent and time-dependent. Voltage-dependent changes occur when the membrane potential at the onset of depolarization is made less negative by a reduction in the resting membrane potential, or when the fiber depolarizes before completion of the preceding repolarization. These changes are a function of the inactivation of the sodium current.8 Time-dependent changes occur both in the presence and absence of changes in the membrane potential. These changes are in themselves voltage dependent and reflect the reactivation characteristics of the sodium current. 22 Rate-dependent decreases in Vmax of the action potential upstroke and in conduction of responses arising from completely repolarized fibers have been Vol. 76, No. 6, December 1987 described both in the absence and presence of drugs in cardiac tissue preparations7 10' 23, 24 and in man. 25 26 In the absence of drugs, these changes can be attributed to rate-dependent changes in the resting potential7 and to the recovery characteristics of the action potential upstroke.22 Both mechanisms can be invoked to explain the rate-dependent conduction slowing observed from high myocardial [K+ ]o alone. It is also possible that cellular uncoupling may occur at rapid rates of stimulation27 due to the accumulation of sodium28 and intracellular calcium.29 However, there is no reason to expect that cellular uncoupling would be more pronounced at the higher potassium levels.
These mechanisms are also operative in the presence of antiarrhythmic drugs. However, the most important mechanism for drug-induced rate-or use-dependent changes in Vmax and conduction involves the characteristics of the interaction of the drug with the sodium channel and the subsequent effects of this interaction on Vmax and conduction as expressed in the modulated30 or guarded3' receptor hypotheses.
Our study has shown that the rate-dependent changes in conduction induced by procainamide become progressively greater as myocardial [ 25 Moreover, we required that the correlation coefficient between changes in QRSA and EAT during all interventions be equal to or greater than .9 and rejected experiments in which this criterion was not met.
Participation of the Purkinje system was also considered as a potential source of error in the measurement of conduction time. However, Swain and Weidner33 showed that the conduction time of an impulse propagating along the epicardium as measured between multiple electrodes was not significantly influenced by the Purkinje system until the recording electrode was greater than 20 mm from the stimulation electrode, even in the presence of high [K + ] or quinidine. Because of these observations by Swain and Weidner,33we positioned our distal recording electrode no more than 20 mm from the stimulating electrode.
To exclude complexes initiated before the end of a preceding repolarization, which would result in voltage-dependent changes, we restricted our analysis of 1386 CIRCULATION beats having an interstimulus interval at least 10 msec longer than that associated with 2:1 conduction at threshold stimulation current. We also determined in three experiments that the onset of the monophasic action potential at the most rapid stimulation rate did not occur before the completion of the preceding repolarization.
